Radiation Oncology Physics, Duke University Medical Center, Duke University, NC USA Abstract. The need for an accurate, practical, low-cost 3D dosimetry system is becoming ever more critical as modern dose delivery techniques increase in complexity and sophistication. A recent report from the Radiological Physics Center (RPC) (1), revealed that 38% of institutions failed the head-and-neck IMRT phantom credentialing test at the first attempt. This was despite generous passing criteria (within 7% dose-difference or 4mm distance-to-agreement) evaluated at a half-dozen points and a single axial plane. The question that arises from this disturbing finding is -what percentage of institutions would have failed if a comprehensive 3D measurement had been feasible, rather than measurements restricted to the central film-plane and TLD points? This question can only be adequately answered by a comprehensive 3D-dosimetry system, which presents a compelling argument for its development as a clinically viable low cost dosimetry solution. Optical-CT dosimetry is perhaps the closest system to providing such a comprehensive solution. In this article, we review the origins and recent developments of optical-CT dosimetry systems. The principle focus is on first generation systems known to have highest accuracy but longer scan times.
Introduction

Origins: Optical-CT polymer-gel dosimetry
In 1996 Gore et al [2] introduced a new method of 3D dosimetry using optical-computed-tomography, or optical-CT, to scan tissue equivalent polymer-gel-dosimeters that exhibited radiation-induced polymerization when exposed to high energy ionizing radiation (figure 1). A dose response amenable to optical measurement was reported, arising from the production of light scattering micro-particles from radiation induced polymerization of acrylic monomers dispersed in the gel. Unirradiated gel was virtually transparent, but irradiated gel became increasingly opaque with dose as the number density of scattering micro-particles increased (figure 2).
The partial transparency of the gel lended itself to optical scanning by optical-CT, a technique analogous to first generation x-ray CT, except that a visible light source is used instead of an x-ray source.
In Figure 1 the radiation sensitive polymer gel is enclosed in a cylindrical transparent flask immersed in an optically matched water bath to minimize refraction effects at the surface of the flask. The 632nm HeNe laser beam is stepped across the flask by means of synchronous moving mirrors to acquire the transmission data for each projection. At each step of the projection the intensity of transmitted laser light was measured by a photodiode detector. The flask was rotated by a small amount between each projection such that projections were acquired for full 360 degree views around the flask. Image data for different slices could in principle be obtained by advancing the flask vertically and re-acquiring a full projection set. 2D maps of optical attenuation coefficients are then obtained using standard CT reconstruction algorithms (e.g. filtered backprojection) as illustrated in figure 2. 3D dosimetry can then be achieved by creating an image stack from scanning multiple slices. An accuracy of within 5% was claimed for doses in the range 0-10Gy, with a spatial resolution of better than 2mm. The minimum detectable dose was estimated as 10cGy with 5cGy std dev. These bold claims and the impressive preliminary images and dose response in figures 1 and 2, inspired considerable interest from radiation dosimetry workers. The papers did not address in detail many aspects of scanner performance (e.g. geometrical distortion, imaging artifacts, and the effect of scatter on measured distributions), and there was no quantitative comparison of optical-CT measured doses with independent dosimeters (e.g. film). In a companion paper, Maryanski et al [3] presented investigations into the optical properties of BANG polymer gels. Several important observations were made. First the absence of absorption bands in turbidity spectra of gel irradiated to different doses was interpreted as indicating the gel is a predominantly light-scattering medium, with negligible light-absorption. Second, measurement of the refractive index of samples of gel irradiated to different doses revealed a correlation of increasing refractive index with increasing dose. Both these effects, light-scatter and light-refraction, represent potential sources of error and artifacts in optical-CT dosimetry, and were flagged as warranting indepth study (see below). The authors were also able to estimate the maximum particle sizes of the polymer micro-particles in gels irradiated to different doses. The method involved taking the difference in turbidity spectra for gel samples irradiated to different doses and fitting the resulting difference curves using Mie theory for monodispersive spherical scattering particles. Maximum micro-particle sizes in the range 440-680nm were reported.
1.1.1. Optical-CT or MRI scanning? The Gore and Maryanski papers stimulated interest in the potential and feasibility of high resolution 3D dosimetry by optical-CT scanning of polymer gels. Prior to these works MR imaging of polymer gels was the only available method for imaging the dose distribution recorded in polymer gels [4, 5] . A fundamental question arose as to what were the relative merits of these two imaging methods. Oldham et al [6] investigated this question by applying both imaging methods to the same polymer gel samples that had been irradiated by spatially separated radiosurgery beams to various doses. Optical-CT was performed with an in house scanner. Figure 3 shows comparison dose maps of the same slice through the same gel dosimeter obtained by MRI and optical-CT imaging. To attempt a meaningful comparison a requirement was that both imaging techniques should meet as closely as possible an RTAP criteria (Resolution, Time, Accuracy, and Precision). In practice this meant dose maps should be produced with 1 x 1 mm 2 spatial resolution within 1 hour of imaging time (standard MR time slot) and with accuracy within 3% and noise within 1%. A caveat to this work is that while the in-plane resolution is high for optical-CT, the slice-spacing was necessarily course to bring the scanning time close to the RTAP limit. As the acquisition of each slice takes typically ~5 minutes, only 12 slices were feasible yielding a slice spacing of ~0.75 mm for this dosimeter, with the prototype optical-CT system used. Figure 3 illustrates the primary advantages of the optical-CT technique in that high spatial resolution and low noise can be achieved because of the exquisite sensitivity of photodiode light detection technology. Optical-CT can provide a low cost and attractive alternative to MRI scanning of polymer gels for many applications. It is noted that MRI gel-dosimetry retains unique abilities in that it can image both arbitrary shaped gel-phantoms and phantoms containing opaque features. Irregular phantoms may cause significant optical artifacts through reflection, refractions and absorbance.
The problem of light-scattering
The source of radiation induced optical contrast in polymer-gel dosimeters is light-scattering, and the challenge of performing accurate optical-CT dosimetry in the presence of scatter was immediately acknowledged [2] . The presence of scattered radiation is also a Figure 4 . a,b reconstructed optical-CT images from Xu et al [9] for 6 x 6 cm 2 square field irradiation. The cross artifact is not readily apparent at low doses (a) but is clearly present at higher doses (b). (c) the same artifact was observed in this gamma map plot from Islam et al. [10] , comparing optical-CT with Gafchromic film measurement for a similar irradiation. a b c well known problem in x-ray-CT [7] , where it is traditionally reduced by narrowing the x-ray beam to a thin fan, and incorporating sophisticated corrections in the reconstruction [8] . Scatter related artifacts are more severe than beam-hardening artifacts, and include cupping, streaking and inaccurate reconstructed attenuation coefficients [7] . Very little is known however of the specifics of how scattered light might perturb 3D dose maps obtained from optical-CT. Xu et al [9] and Islam et al [10] both noted a cross shaped artifact that appeared in optical-CT images of a high-dose square field irradiations (figure 4). The cross shaped depression of reconstructed attenuation values was observed at higher optical-density values of the gel. The magnitude of these scatter artifacts can be reduced by reducing the number-density of scattering sources, which translates to reducing the dose delivered to the gel. An uncomfortable trade-off thus occurs for any optical-CT dosimeter where scattering is the primary source of contrast, as decreasing the dose also decreases the contrast and signal needed for accurate dosimetry.
The cross artifact in a square field has the hallmark of a scatter artifact, and this was proved using optical-CT Monte Carlo simulations in Oldham et al [11] . The simulations were performed both with and without light-scattering modeled as standard Mie scattering with monodispersive particles of radius 475 nm (see [3, 12] for further details). Selected results are shown in figure 5 , and illustrate that when optical-contrast is by absorbtion only (figure 5b) the cross-shaped artifact is not observed. However, when Mie light scattering was activated (figure 5c) a cupping artifact appeared which was more pronounced on the diagonals consistent with the cross artifact reported in figure 4 . Scatter artifacts have also been shown to systematically influence the magnitude of reconstructed attenuation coefficients. Oldham et al [13] obtained optical-CT images of a series of identical BANG gel samples uniformly irradiated to different doses. Each sample was imaged multiple times under conditions of varying scatter-rejection achieved by varying the diameter of a scatter-rejecting collimator positioned close to the photodiode detector. A plot of reconstructed attenuation coefficients determined with the collimator fully open to 2 cm diameter and closed to 3mm revealed a consistent 13% difference (figure 6). This study illustrates how scatter can cause significant global depression (>10%) on reconstructed attenuation coefficients in uniform samples.
The influence of scatter has been demonstrated in several scenarios above, where known simple geometries were created. The major challenge for polymer optical-CT dosimetry is to determine the effect of scatter on the reconstructed dose in non-uniformly irradiated gel samples. Such effects are very difficult to correct without knowing the geometry apriori. This difficulty is highlighted in figure  7 .
Despite the obvious issues surrounding optical-CT polymer gel dosimetry, several groups have reported some success with 3D dosimetry verifications [14] [15] [16] .
Optical-CT of non-scattering gels
A 3D dosimetry material that exhibits optical-contrast through light-absorbance rather than lightscattering would have a clear advantage as it would negate the scattering artifacts illustrated above. The first optical-CT dosimetry of a non-scattering gel was proposed by Kelly et al [17] . An FBX gel (a gelatin based gel doped with Ferrous-Benzoic-Xylenol) exhibited a radiochromic color change which was scanned with a first generation in-house optical-CT scanner. Promising performance (figure 8) was reported with the single limitation that the radiochromic distribution gradually diffused through the gel placing strict restrictions on the time available for imaging. [12] .
Since the introduction of the non-scattering FBX gel-dosimeter, other absorbing gels have been reported [18] , but none has so far fully solved the issue of radiochromic diffusion. The radiochromic diffusion problem has been solved however with the introduction of the PRESAGE TM dosimeter [19] [20] [21] . PRESAGE TM is not a gel-dosimeter, but a polyurethane material doped with leuco dyes which undergo a peak radiochromic response at 630 nm. A number of potential advantages accrue over other 3D dosimeters including in-sensitivity to oxygen and diffusion; radiation induced light absorption rather than scattering, and a solid texture amenable to machining to a variety of shapes and sizes without the requirement of an external container. Detailed analysis of the radiochromic response of PRESAGE has confirmed exceptional potential for 3D dosimetry [21, 22] . PRESAGE TM formulations have been created with great variety of sensitivity, temporal stability, and CT number. Recent results from careful cross validation of PRESAGE dosimetry on large 17 cm diameter samples is shown in figure 9 .
It is interesting to compare the size of the wall artifact in figures 8 and 9. A substantially smaller artifact is observed in the PRESAGE TM dosimeter due to the lack of an external container. Geldosimeters (like the FBX figure 8 ) require an external container, and hence the refraction matching at the wall is complicated by the dual interior-exterior interface. PRESAGE in contrast, has just the one Figure 7 . A radiochromic measurement of a simple IMRT field (a) is compared against an optical-CT image of the same plane (b). The percent dose difference between radiochromic film and gel measured dose-maps is shown in (c), the corresponding gamma maps (1.5mm and 5% dose criteria) in (d). Significant streak and cupping artifacts are visible in the optical images. From Islam et al [10] .
interface, leading to more effective index matching at the periphery and accurate reading close to the walls of the vessel.
Characterizing Optical-CT performance
Several groups have reported investigations to characterize and investigate the accuracy and limitations of the technique of optical-CT (12, 13, 17, 23) , and yet this effort is not nearly enough. From Guo et al [22] .
optical-CT dosimetry to reach its full potential, in-depth and independent characterization and optimization of the performance of optical-CT scanning system and the optical properties of the dosimeters is required. A treatise on the properties of dosimeters is outside the scope of this review, but key characteristics of optical-CT scanning technique will be discussed below.
Geometrical distortion
Experiments to characterize the performance of an in-house optical-CT scanner were recently reported (12, 13) . A series of phantoms were designed to generate known baseline conditions that could be used to verify the performance of the scanner. 'Needle phantoms' were developed to investigate potential geometrical distortion. A needle phantom consists of a gelatin gel in an optically transparent flask rigidly supporting a geometrical pattern of optically opaque steel needles. True needle positions were determined by x-ray CT scanning. Distortion in optical-CT images was then determined by registration and superposition of the x-ray CT and optical-CT images. Negligible distortion of needle positions was observed, for first generation optical-CT systems, when the water-bath was well matched to the refractive index of the gel. When the water bath was poorly matched, a radial compression distortion (figure 10) was observed the magnitude of which was linear with increasing refractive index of the water bath. In addition to x-rayCT/optical-CT comparisons, polymer-gel radiation sensitive needle phantoms were constructed and imaged by optical-CT both pre and post irradiation. A comparison of needle positions in the pre and post images then enabled a determination of distortion associated with radiation induced refractive and scattering changes in the gel. Two extreme irradiation geometries were investigated in an attempt to determine worst case radiation induced geometrical distortion (figure 11).The overlay pre and post-irradiation optical-CT images in figure 11 illustrates good matching of the pre and post irradiation needle positions. The agreement within .3 mm demonstrates negligible distortion within this phantom of 5.5 cm diameter and doses of ~4 Gy when optical-CT scanning is performed with a 1st generation scanning laser system. Should this phantom be scanned with an area system, more significant distortion is entirely possible. Figure 10 . This figure shows the radial distortion that occurs in optical-CT of polymer gels, as the refractive index of the matching fluid in the water-bath is varied. The radial distortion was found to be linear with radial distance for any particular refractive index. This plot therefore shows the radial compression as a fixed percentage for each refractive index value of the fluid in the waterbath. Adapted from [13] .
Accuracy of reconstruction and dependence on scanning parameters
Kelly et al [17] examined the accuracy of optical-CT in the absence of scatter, and found excellent agreement with independent measurement (figure 12). The accuracy of optical-CT reconstruction, and the influence of varying reconstruction parameters were investigated using finger phantoms in [12] . Finger phantoms contain gel 'finger' regions of known attenuation or scattering power within an otherwise transparent gel. The finger phantoms were optically-CT scanned and comparisons were then made between the reconstructed and known parameters of the fingers. Comparison of optical attenuation measured by the optical-CT scanner and a spectrophotometer showed good linearity and absolute agreement to within 3-4%. A wide range of reconstruction and imaging parameters were also evaluated with respect to their effect on image quality, including optical laser step size, number of projections, projection angular increment, and number of ADC readings to average. A nominal set of operating conditions was identified consisting of laser-step-size = 1 mm, 120 projections at 1.5 degree intervals, and each point on a projection was the average of 50 ADC readings.
Artifacts due to reflection and refraction
Two of the most significant sources of artifacts in optical-CT imaging arise from reflection and refraction of light at the walls of the dosimeter. Early attempts to minimize these effects were suggested by Gore et al, which involved limiting the range of projection data to exclude regions close to the edges of the flask. This method can give useful results if the radiation does not extend beyond about 90% of the diameter of the flask. For many radiation deliveries this is not the case as beams impinge on the flask in an axial manner. Several correction techniques to minimize refractive wall artifacts have since been proposed [13, 17, 24] . One method involves forming subtraction images of post and pre-irradiation optical-CT images of the same gel phantom, to subtract out common artifacts (e.g. wall artifacts, and any bubble or spec artifacts). As many of the same refraction and reflection artifacts are present in both scans, the difference image reveals maps of the changes in optical attenuation that were induced by the radiation. This method can also yield useful results but is limited in the amount of information that can be retrieved close to the walls of the flask. In depth discussions Irradiated areas of these artifacts is discussed in Kelly et al [17] and Oldham et al [13] . An illustration of how corrections can be applied, and there relative impact is given in figure 13 .
Commercial Optical-CT scanners
The field of 3D gel dosimetry by optical-CT has recently become more accessible through the introduction of the first commercially available OCTOPUS TM optical-CT scanning system from MGS Research Inc. The scanner is an extension of the design illustrated in figure 1 , and is capable of highresolution 3D dosimetry of flasks of up to 20 cm diameter and 15 cm in height. Two recent publications describe initial experiences commissioning and using the scanning system in combination with BANG polymer gels. Islam et al [10] reported good agreement for simple field arrangements, including a single field IMRT delivery, between BANG TM gel and radiochromic film. Xu et al [14] also reported good agreement between 3D gel measured IMRT distribution and film for isodose lines greater than 30%. Discrepancies were noted at lower isodose lines, close to the walls of the flask where a degree of oxygen contamination may have occurred through the walls of the flask. More recent work has used the OCTOPUS TM scanner in combination with the PRESAGE dosimeter, and cross-correlation with EBT [22] . Results are shown here in figure 9 . A recent development is the emergence of an area based optical-CT system from Modus Medical Devices Inc.
[25].
Improving accuracy in optical-CT dosimetry
Several simple procedures can significantly improve the quality of 3D dosimetry. Significant noise can arise from several sources, including laser output drift [13] interference or low quality walls of the water bath [13] , and light-scattering impurities in the matching fluid [3] . Techniques have been developed to address most of these issues (see section 2 and references [2, [11] [12] [13] 17] ). Xu et al [9] demonstrated the importance of matching the sensitivity of the dosimeter and the delivered dose to yield optical-density changes in the dosimeter that match the dynamic range of the scanner. This simple technique can increase the signal to noise in the projections and hence in the final reconstructed image.
Conclusions
There is a growing body of work characterizing first generation optical-CT scanning systems and compatible 3D dosimeters. The performance of these systems are generally promising with high resolution, high sensitivity and low noise being particularly attractive features of optical-CT. The first generation scanning systems (single stepped laser-photodiode configurations) have been shown to be insensitive to geometrical distortion although refractive and scattering effects have been observed. The presence of scattered light has been shown to introduce artifacts in polymer gel dosimeters where the optical-contrast is achieved through light scattering. These artifacts can be reduced by limiting the dose to the gel, however an uncomfortable trade-off occurs as the signal of interest is also reduced. The problem of light scatter remains a significant challenge for optical-CT polymer gel dosimetry. The magnitude of artifacts in irregular clinical distributions is not well understood, and it remains to be seen what accuracy can be achieved. The recent emergence of stable, radiochromic, non-scattering 3D dosimeters represents a step-forward for the potential for accurate and convenient clinical 3D dosimetry. These new dosimeters are not gels but plastic, and this highlights the fact that the term 'gel-dosimetry' is no longer adequate for common association with the full range of 3D dosimetry techniques. The term originated from the early 3D dosimeters which were agarose or gelatin based, creating a water dominated hydro-gel (requiring an external container) with a firm texture which can easily be penetrated with a sharp object. It is suggested that the term '3D dosimetry' should now be used to encompass both these and future advances. 
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